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Abstract: The two distant lSEE-3 geomagnetic tail passes have been examined to identify

all slow-mode shocks present in the data. We find a total of 86 events from 439

plasn~ashcct/lobe  crossings, using five criteria based on relations between the upstream

lobe and the downstream plasmashcet magnetic field and plasma measurements . The

statistical results of slow-mode shock parameters such as the angle between magnetic field

and shock normal, OB,I,  Alfven Mach number along the normal direction, MAn, and

electron beta, ~~, are calculated and reported. On average, the magnetic field decreases by a

factor -2,7, the electron density increases by -1.7, temperature increases by -1.8, and the

plasma flow velocity increases by - 3.8 across the shocks, l’he average upstream OR,, is

-76° while the downstream angle is - 50°. The shocks have an average MA,l -0.87 along

the normal direction, and an upstream ~,, -0.04. In the downstream plasmashcct region,

the dominant plasma flow associated with the shocks is in the tailward  direction with an

average speed - 585 km/s. Only a fcw cases of earthward downstream plasma flow have

been detected. The slow shocks have thicknesses, on average, of -5380 km (about 7 ion

inertial lengths) and an average tilt angle of - ~z,2,4° between the silock normal and z axis.

Using the l’ctschek slow shock mode], the average location of the neutral lines is located in

a range of i40 Re from observation sites. About half the slow mode shock events arc

dc(ected  during southward IMF intervals and half during northward intervals. There is a

weak substorm dependence of slow mode shocks  and p]asmoids,  a dependence which is

most obvious when Bz, >+2 nl’ and Bz <-2 n’]’ intervals are intercompared.  We see a

substorm  dependence for plasmasheet/lobe crossings which suggests that the deep tail

become more dynamic during substorm intervals. We have also sought the existence of

large wavetrains downstream of slow shocks that have been theoretically predicted by

Coroniti  (1971) and simulation studies, No such wavetrains were observed throughout the

two ISHE-3  passes of the distant tail. However, wc do detect some medium amplitude

transverse waves in the shock ramp regions. q’he waves have frequencies and polarizations

similar to the plasmashcct boundary layer w:ives reported by Tsurutani  et al. (1 985). The

waves present in the shock ramp are also right-hand ion cyclotron waves in the plasma

frarnc. We believe that these waves are generated by the ion beams flowing away from the

magnetic merging regions,



1. lntmduction

Magnetohydrodynamic  (MIID) theory shows that there arc three fundamental wave modes

for low-frequency waves and plasma discontinuitics [Kennel et al., 1985]. When the

upstream plasma flow speed relative to the shock speed is greater than the fast mode speed,

a fast-mode shock may exist. Across this discontinuity the plasma speed decreases, as the

magnetic field strength increases. The density changes in-phase with the magnetic field

strength across the shock, When (I1c plasma flow difference has a value between the fast-

mode and intermediate-mode speed, the discontinuity may be an intermediate shock. The

magnetic field changes direction, but its magrlitude  may decrease or increase. If the plasma

flow speed difference is less than intermediate-mode speecl,  but greater than slow-mode

speed, this discorltinuity  may be a slow-mode shock, Across the discontinuity the plasma

flow speed increases and the magnetic strength decreases. I’he density chal~ges out-of-

phasc with the magnetic field strength across the slow shock. Unlike fast-mode shocks,

which have been extensively observed and studied under a variety of plasma conditions and

geometries, there have been very few studies for slow-mode shocks. For instance, almost

all previous work on slow-mode shocks have been case studies only to determine if the

jump conditions satisfy the Rallkille-}]Llgolliot  re]ations, simply to determine if slow

shocks exist or not.

Theoretical consideration of steady state reconnection leads to the suggestion that slow-

modc shocks arc fundamental to magnetic reconnection in the geomagnetic tail [Petschek,

1964; Sonnerup, 1970]. Such shocks result from the steepening of slow-mode waves

between the high (lobe) and low (p]asmashect) magnetic field strength regions. S1OW

shocks may therefore play an impollant  role in magnetic merging and the transfer of energy

stored in the tail magnetic field to the p]asmashect  particles and to the creation of energetic

particles. The excursions of lSI;Ii-3  into the deep geomagnetic tail have provided direct

observa~iona] evidence that such shocks can at times exist [Feldman et al., 1984 and 1985;

Smith et al., 1984].

h’cldman  et al. [1984] first identified three p]asmashcctilobe  crossings observed by ISFE-3

in the distant tail ( x <-200 IQ which satisfied the Rankine-Hugoniot relations for nearly

switch-offs] ow shocks. Traversing the shock from the upstream magnetotail  lobe to the

downstream plasmashect, there was an abrupt decrease in magnetic field strength and an

increase in the electron density and temperature. Feldman et al. [1984] also found a strong

tailward-directed  heat flux in the lobe. ‘1’hey pointed out that this feature is similar to those
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which arc commonly observed at the earth’s bow

connection across thelobe-plasmasheet boundary.

shock and are evidence for a magnetic

Smith et al. [1984] identified slow shocks using high resolution magnetic field data, They

found that for some cases the shock normal had large inclination angles. The shock

crossing times are about 30 sec. Assuming no tail motion, it implies that the shock has a

thickness of about 10~ km, a few times the ioil  inertial length - c/~pi (-700 km), where c

is the speed of light and ~Pi is ion plasma frequency. The shocks are often associated with

an enhanced level of hydromagnetic waves [Tsurutani et al., 1985] and plasma waves

generated over a broad band of frequencies [Scarf et al., 1984].

Subsequently, Feldman et al. [1 985] used four criteria to examine the first distant tail

passage of ISE13-3  between January 18 and I~ebruary 11, 1983. They found a total of 26

slow-mode shocks. Using a 25 minute delay time, Feldman et al. examined the relationship

between the slow shocks and near-earth substorm activity. They found that shocks were

observed during all phases of substorm  activity as well as during quiet times. They suggest

that slow-mode shocks must therefore be a smnipermancnt  feature of the bounding surfaces

which separate lobe and p]asmashcet in the distant geomagnetic tail, Recently Ho et al.

[1 994] have shown a case of distant tail reconnection at x= -230 R.. They see a near-

cornpietc  reconnection signature which includes magnetic field Bz reversal (x neutral line),

hi-directional plasma jetting and a pair of slow shocks.

Another interesting topic related to slow-mode shocks is the search for large rotational

wavetrains downstream from such shocks. There }~ave been more theoretical and

simulation studies than observational studies on this topic. Based on two-fluid

hydromagnetic theory, Coroniti [1971] first predicted the presence of large amplitude

rotational wavetrains in the magnetic field downstream of a slow shock. IJI this theory, the

damping of this dispersive wavetrain provides the necessary dissipation for the slow

shock. However, this important feature has not yet been observed [Coroniti  et al,, 1988].

. The absence of a wavetrain may suggest a dissipation mechanism different from that

originally expected.

Many simulation studies have been conducted to explain this important difference between

the observations and the theoretical predictions. Omidi and Winske [1989] showed that

slow shocks have a wavetrain only when the upstreatn speed is subsonic and the ratio of

electron to ion temperature is large enough to avoid Landau damping. Lee et al.[ 1989]
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suggested the presence of a critical Mach number above which slow shocks have a

wavctrain, and below which no wavetrain exists. A recent study by Omidi and Winske

[1992] showed that the presence of wavctl  sins depends on the properties of upstream

generated waves rather than the sonic Mach number or the ratio of electron to ion

temperature as previously suggested.

A comprehensive survey of slow-mode shocks and their associated waves has not yet been

conducted in the distant geomagnetic tail. Results of previous studies (see Feldman et al.,

1985, and references therein) need to be extended to include the second distant tail pass of

ISEW-3 with special attention givel] to the structures of slow-mode shocks, the

relationships between slow-mode shocks and near-earth substorms, and the existence of

downstream wavetrains,  In the next section, we will first introduce the identification criteria

of slow-mode shocks used in this study, These criteria emphasize  use of magnetic

geometry relations for all discontinuities in the lobe-plasmasheet  boundaries as used in

previous studies [Feldman et al., 1984 and 1985]. We have developed a five-step

identification criterion for this purpose. In the third section we present all resultant

parameters in statistical form. Included are the angles between the magnetic fielcl  and shock
normal (lB,l, Mach number, electron ~~, and tangential plasnla ilow velocitY. WC also SIIOW’

the distributions of shock thicknesses, and shock normal orientations. We present the

correlation between near-earth substorm  activity and the occurrence of slow-mode shocks,

plasmoids and plasnlasheet/lobe crossings ill the distant Ecomagnetic  tail. We also report

the results of a search for large amplitude wavetrains. Although such wavetrains are not

found, some circularly polarized waves in the shock ramp regions are found instead. In

section 6 we will discuss a possible model of steady reconnection in the distant tail which is

responsible for the observed slow shocks, All results arc summarized in the last section.

2. Slow Shock Criteria

ISIW-3 made two distant tail swin.gby passes, the first between January 17 and I:ebruary

.15, 1983 at about x = -210 R. and the second between June 23 to July 22, 1983 at about x

= -230 R.. Figure 1 shows the trajectories of both passes projected into the GSE equatorial

plane. We have adopted criteria used by Bamc et al. [1983] and Zwickl  et al.[ 1984] to

identify the various distant tail regions, such as the magnetosheath,  mantle, lobe,

plasmasheet  boundary layer and plasmashcct,  The magnetometer onboard makes three

component observations with six readings per second (high resolution). The electron

velocity is measured in two dimensions (VX, Vy) with tinle separations  rfwiw between 12
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and 84 sec. An eight-hour time series of the magnetic field and electron measurements is

shown in Figure 2 in GSE coordinate system (x is sunward, y is duskward and z, is

northward). The Figure clearly shows two plasmasheet/boundary  crossings, which later

are identified as slow-mode shocks. In the tail lobe, the magnetic field is stronger, with a

large IIx component, and both the electron density and temperature are relatively low. Also,

the plasma bulk velocity in the lobe is lower than that in the plasrnasheet.  1,arge-amplitude,

low frequency waves are also seen near to but upstream of the slow-mode shocks, All

boundary crossings from lobe to plasmasbect, or from plasmasheet to lobe, are counted

individually as ]oJlg as their titne separation is greater than 10 minutes. P]asmoids are also

identified by detection of a significant hi-polar signature in the Bz component of the

downstream plasmasheet.

A definition to discriminate slow-mode shocks anti discontinuities  requires the

determination of the significant normal components of the magnetic field and the plasma

velocity relative to the lobe-plasmashcet boundary. We accomplish this task through use of

the magnetic field data to accurately dctmnine  tile magnetic geometry of the boundary

layer. We have developed a five-step identification criterion of slow shocks for this stu(iy

as follows:

(1). All crossings between the plasmashcet and geomagnetic tail lobe field are selected

mainly based on characteristic changes in the magnetic field (BX component). All crossings

are candidates for identification as slow-mode shocks. These criteria have yielded a total of

439 lobe-plasmasheet boundary crossings during the two tail passes of 1S111;-3.  Ilowever,

292 of these crossings are discarded because they were either so brief that they were judged

to bc incomplete boundary crossings, or such large fluctuations characterized the upstream

or downstream regions that stable. values could not be found. Thus only those plasmasheet

boundary crossings which had relatively stable value.s for at least 5 minutes in both the

upstream and downstream regions were il~cludcd in our study. A subset containing samples

which were identified as having no significant increase in electron density, temperature and

. velocity were also eliminated for further study. The remaining 147 plasmasheet  boundary

crossings had jump conditions which are quaiitative]y consistent with those expected for

slow-mode shocks. Most of them am isolated and not multiple plasmasheet boundary

crossing events.

(2). Shock normals were calculated using magnetic data alone in the second step. We used

the coplanarity theorem for this purpose,
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(1)

where subscript u means the upstream lobe value, while d is the downstream plasmashect

value. ~’he shock normals determined from formula (1) have certain errors. T}icse errors

may be estimated from the standard deviations in both upstream and downstream magnetic

field in a shock coplanar coordinate system  (i, j, k). On average, there is a deviation of

-M3.3 nT in the normal magnetic  field, which will cause a f2.50 error in the shock normal

determination. Other factors such as the presence of field fluctuations and/or waves in the

upstream and/or downstream magnetic field can also cause errors. Thus, the total error in

the shock normal may be greater than d 5°. nom an examination of the resultant set of

shock normals, 21 events were found to have normal directions not in the x-z plane. These

do not conform to ordinary ideas of slow-mode shock geometry, and we have thus not

studied them in this work. We wi~l examine t}lcm  at a later date.

(3). The magnitude of the magnelic  field norinal  relative to the plasmashect  boundary layer

(Bn) was determined next. ]n order to dcfinitive]y  exclude tangential discontinuities  from

our data base, we adopted a minimum magnitude acceptance criterion for 11[1 amounting to

0.5 nT. I;or most cases there arc significant B normal components across the shocks.

}Iowevcr,  wc found that 11 cases had a smaller B normal component (magnitude < O.S

111’),

(4). The geometry of the magnetic fielcl  in t}~c  shock frame was examined next, Five
additional cases yielded a downstream 0[1,, larger than the upstream OI{rl. These cases were

eliminated from further study because their geometries were not consistent with those of

slow-mocle shocks. At this time, we do not fully understand what these structures might

be, It is possible that they could be slow shocks superposed on top of fast-mode waves.

(5). Finally, the upstream plasma normal \elocities  were calculated using the Rankinc-

}Iugoniot conservation relations. ‘I’hey arc
B,,,,  == l~n~ (2)

NU V~t, : NdV.d (3)

vn,,% – v,t,l~n,,  “ vn@,,f  – v,#n~ (4)

where the subscript t means tangential component relative to the shock normal and nZP is

proton mass. All physical quantities in the above equations are measured in the boundary
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(shock) frame except the plasma flow velocity. A combination of actuations (2) though (5)

gives a deduced upstream plasma normal velocity

(6)

The error of VnU is estimated to be about ~ 10 kn~/s based on the field standard deviations.

Normal components of upstream plasma speeds in the boundary frame were calculated for

110 candidates in our data base using equation (6) to check whether they satisfied the slow-

modc shock condition.

Vs[, < v,, ~ V&l

Here VA,, is the Alfven speed VA in the shock normal direction, that is

VA,, = VA COS @J,,

and VSL, is slow mode velocity

r“ “- - - - -“ -  “-””- ‘:---”-” ‘--”-
d(v; + c;) - (vi+ C:)=4V;C:COSO;;SL = , .-__. _..--_ -...

~
! L

Where
v ~ _ _Il_ _

A d4 7cNm ~,

and
c, “ JY%:(7> + 7rp) I m[)

(7)

(8)

(9)

(lo)

(11)

where y:= 5/3 is the spcciflc heat ratio anti kl; is the Boltz.man  constant. For a low (1 plasma

in the upstream lobe, because C~ << VA, wc have VSZ, = C~ when 19B,,=0, and V.Sz, = O

when OB,l= 90°. Due to the lack of thermal ion data in the ISIHi-3 data set, wc assume that

ions in the upstream tail lobe have a tcmpcmture of 3.5x1 Os K(3O eV) [Mukai,  private

communication, 1994], We also define an intermediate Mach number MI (relative to the

intermediate speed VA,l ) which should always have a value <1.
A4A Vn v

MI = ‘AI = — 
“ - ‘ - –= VA cos ~B. ‘An. . .. ——.. — ..—= —4 (11)

Cos O[)n

As shown in formula (6), when the downstream tangential field component (Brd) is near

zero, the upstream plasma flow speed is equal to the intermediate Alfven speed. The slow-

‘ mode shock has the maximum strength (M1 == 1). We refer it as a switch-off shock because

of disappearing tangential fields. Comparison of the inferred resultant velocities with both

the lower 1 i mit (slow mode speed) and the upper limit (intermediate speed) in the upstream

region, we find that 24 cases have speeds less than Vsl, and so cannot be slow-mode

shock. The remaining 86 crossings are slow-mode shocks and constitute the data base for

statistical study reported next.
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3. Statistical Results

A variety of plasma and field parameters Ih:tt  characterize the 86 individual slow-mode

shocks that satisfied the acceptance criteria detailed in section 2 were cataloged ancl

subjected to statistical analyses, This database has covered a broader range of the shock

parameters, Using this dataset we may perform statistical studies to find the average

properties and the distribution of slow-mode shocks. The results of this analysis are

presented next.

Across all 86 slow shocks from the upstream lobe to the downstream p]asmasheet, on

average, we find that the magnetic field stl ength  decreases from 10 nT to 3.7 nl’, the

electron density increases from 0.18 Cm-s to 0.31 cm-s, the electron temperature increases

from 7.6x1OS K to 13.3x1 Os K, and the measured plasma flow velocity also significantly

increases from 170 kntis  to 652 knds. The dependence of slow shock structures on a

variety of plasma and field parameters will be studied first. These include a) the angle OB,l

between the magnetic field and the shock normals, b) both upstream and downstream

Alfven Mach number MA,, (or Ml), c) electron plasma B,, d) downstream tangential flow

speeds, Vi, and e) the shock thickness.

The Olln angles  of the shock are key parameters in determining the shock structure. The

orientations of magnetic fields relative to the shock normal play an important role in

controlling the particle reflection and wave. propagation. I;igures 3a and 3b show the shock

distributions of both upstream and downstream @fI.. We see from Figure 3a that the

upstream angles are mainly distributed between 65° and 85°, with an average of 74°. l’here
are 9 cases with (?B,l  >85°. When considering a larger erl-or, some of them may be out of

this range. Downstream OH,, angles have a broader distribution, with an average of 50°.

Note that the downstream magnetic field }~d is always greater than B,,, indicating that pure

switch-off shocks are not found. However, {hree events have very small downstream OB,l

angles below 15° and therefore they approach the switch-off shock condition. Their

upstream tl~. angles are 45°, 64° and 70°, respectively, In contrast, there are 14 slow

shocks with large downstream OB,L greater than 70°. These slow shocks are mainly detected

in the crossings between the lobe and the plasmasheet  boundag  layer.

The upstream Mach number and plasma beta are two other important parameters for the

shock. The slow shock dependence on u})stream intermediate Mach number Ml and

electron & are shown in Figure  4a and 4b. 1 ‘l~e intermediate Mach number may reflect the
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strength of the slow shock. From equation (11), when Ml = 1, that is, the inferred Vu,, =

VA,,, the shock has the maximum intensity. Iirom Figure 4a we see that Ml has a

distribution above  0.6 with an average of 0.87 and a trend to one. There are21 cases with

M] > ().9S and 5 cases with MI >0.98 which is close to the switch-off S}1OCR limit. As

shown in I“7igure  4b, electron & in the upstream region is very low, since in the tail lobe,

there are strong magnetic fields and low electron densities and temperatures. The electron

~, is mainly distributed below 0.1 with an average of 0.04. The downstream plasrnasheet

has a high plasma beta, increasing at least by a factor of 30. Thus, we expect larger Landau

damping there for low frequency waves.

Occurrence rates as functions of the shock thickness and the measured downstream

tangential plasma flow speed Vx are shown in Figure 5a and 5b. Because the shock speed

relative to the spacecraft is unknown, it is difficult to determine the thickness of a slow

shock. Feldman et al. [1987] used the cross- sl~ock currents to calculate the thickness of the

slow-mode shock from ISFB2 observations. Because ISEE-3  did not have ion

measurements in the distant tail, a similar determination for the present data set is not

possible. However, because our study is based on a large dataset, wc will estimate shock

thicknesses from measured boundary layer transit times, under the assumption that the

shocks have an average speed of 20 km/s relative to the. spacecraft [Scarf et al., 1984;

Smith et al., 1984]. The resultant distribution is shown in Figure 5a. Inspection reveals a

very broad distribution of thicknesses up to 14,000 km, with an average of 5380 km (about

7 ion inertial lengths). There are 12 shocks with thicknesses greater than 10,000 km.

Irrom l~igure 5b we see that downstream p]asmasheet plasma flows are mainly in the

tailward (-x) direction, averaging -585 km/s. This speed is higher than the average flow

speed (-5 15 km/s) associated with those non-shock plasmasheet boundary crossings. In

contrast, downstream plasmasheet flows in the y direction are much lower, averaging

around 20 kntis  but with large fluctuations ranging from -180 to 200 kntis. We have found

that two of the 62 slow shock cases in our data base have earthward flows. Assuming that

these earth ward flows are from the reconnect on region (of the Petcheck model), they arc

then definitely from the earthward side of the distant neutral line,

I;igurc 6 shows one of two cases in plasma and magnetic field data. We sec that the

spacecraft enters the plasmasheet  from the north lobe across a slow shock at 09:16 UT and

immediately detects a significant earthward flow (+VX -300 km/s). At about 10:00 UT the

spacecraft enters the south lobe and we note a reduced plasma velocity. Then in the next



two hours the spacecraf~ returns to the plaslnashcc[  and traverses from a position earthward

to tailwarcl  (or vice versa) of the neutral line. This indicates that the neutral line may exist

beyond 217 R. in the distant tail. At 12:30 lJT the spacecraft is completely out of the

p]asmasheet and into the south lobe. When we examine the near-earth magnetic activity

index (AE) during the same interval, we see that the magnetic activity is quiet before 11:30

LJT. The second slow shock case of the neutral line encounter associated with hi-directional

plasma jetting flows in the distant tail has been repelled  in a recent study [Ho et al,, 1994].

Distributions of the shock normals in two orthogonal planes (x-z and y-z) are shown in

Figures 7a and 7b. On average, the angle between the shock normals and the z axis, f3til =

COS-]rZZ  = 22,4°. Note that the projection of the normals in the x-z plane are snlaller  than

those in the y-z plane. This result is consis(etlt  with a p]asmashect boundary layer that is

closely along the x direction. l’his suggests that the slow shock surF~ce is twisted around

the x-axis due to IMF BY. We furthc.r  note, that the average inclination angle between the

shock normal in the X-Z plane and z axis is 13.8° and that in the y-z plane is 15.2°. These

orientations are consistent with the cartoon presented in l;cldrnan  et al. [ 1985], of two

slowly flowing surfaces that bound a relatively thin, ex(ended plasmashcet. It is less

accurate to deduce the neutral line localion  by using the tilt angle of the slow shock normal

from single events, because the tail flapping may significantly change the shock

orientations. However, wc can estimate the distance of the neutral line to the spacecraft

using an average shock tilt angle in the x-z. plane. Based on the tilt angle, wc find that the

neutral lines are located in the range from -160 to -240 R. (20W_40 I&).

4. Correlation with Substorms

According to the simple model of tail magnetic reconnection in the geomagnetic tail

proposed by Petschek  [1 964], slow-mode shocks provide an important means for

converting the magnetic energy in the lobes into the plasma kinetic or thermal encrg y in the

plasrnasheet.  However, the connection between this process and the well known effect of

. substorms  in the inner magnetosphere has not yet been established, For example, the slow-

rnodc shocks in the deep tail may be associated with the passage of transient plasmoids

formed in the recovery phases of substorms, or they may be a semipermanent phenomenon

which stands in the boundary surface. In acldition, near-earth substorm activity cjccurs  so

frequently that inter-storm quiet times are often absent. It is therefore difficult to obtain one-

to-one identification of isolated substorms and distant tail events. Thus, in the present

study, we have taken a different approach to determine correlation with substorms.
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Our assumption is that if there is a connection between the near-earth substorms and distant

tail dynamics, strong geomagnetic activity (}]igh Ali indices) should be associated with high

occurrence rates of slow shocks and plasmoids  in the distant tail. An appropriate time delay

must be used to account for the finite plasma propagation speed. In order to test this

conjecture, we extend the statistics into a 60 day time period to fully cover the two ISEE-3

tail passes. The statistics have been performed separately for both conditions: southward

IMi’s and northward JMFs. We have used 10 minute averages of the IMF (from IMP-8)

and the Al”~ index for this study. The data distribution is shown in Figure 8, As expected,

northward IMFs arc associated with low AI] indices, while southward IMPs show a

correlation with AF~ values. We have assume.d a 40 minute lag corresponding to a plasma

flow speed of 530 kn~/s from the near eartl~.  All the slow-mode shocks, p]asmoids  and

plasmasheet  boundary crossings are identified to be present or not in each 10 minute

interval. The p]asmoids  and plasmasheeti]obc  crossings are identified using the definitions

stated before. A plasrnoid  may be associated with a slow shock or a non-shock crossing.

Their occurrence rates are normal i~,ed by the time intervals.

in order to determine the relationship of IMF orientations to the distant tail events, we

examine the data when the IMF BZ, >2 nl’ anti BT, <-2 nT because substorms  will probably

not be triggered during those intervals with small field fluctuations. We have found that of

28 available slow shocks, 15 occur durinf, a southward JMF(18% interval) and 13 appear

in a northward IMF (21 ‘%o jntcrval). The occurrence dependcnces  of all slow shocks,

p]asmoids, and plasmasheeti]obe crossings on the AE index are shown in Figures 9a

(southward IMFs) and 9b (northward IM!’s). 7’he error bars are also given based  on data

coverage. Ikom Figures 9a we note some Ali dependence for the occurrence rates of slow-

mode shocks, p]asmoids  and plasmasheet  boundary crossings. Three occurrence rates

reach their maximum between 300 and 600 nT in Al; index. This indicates that during

strong southward IMFs, the distant tail evcl]ts  indeed have some relations with near-earth

substorm  activities. However, from Figure 9b we do not find such AF3 dependence for all

occurrence rates. We find that slow shocks and plasmoids also occur during northward

IMPs and low AH intervals. This may jndicate that they have the different generation

mechanism from those during southward IMF’ intervals, We have also tested this

dependence using other lag times (20, 30 and 50 min. ) between the AE index and distant

tail observations and BZ restrictions. The weak substorm  dependence does not change with

djfferent  lag times and with all IMFs. Our results are in general consistent with the earlier

study of Feldman et al. [1985], that slow-mode shocks in the distant geomagnetic tail may



be independent of near-earth substorrn activity. We note that the occurrence rate of

plasmasheet  crossings peak between the 400 and 600 AH. This may indicate that the distant

tail becomes more dynamic during the magnetic active times.

In a reconnection process, a plasmoid (plasma jetting accompanied by a bipolar BZ

signature) is expected to be associated with the formation of a magnetic field neutral line

and slow-mode shocks. The study of Iloncs  et al. [ 1984] shows that plasmoids in the

distant tail are strongly correlated with substorms, but have a 20-30 minute lag between

substorm onsets and p]asmoid  detection at lSIH~-3.  Moldwin and Hughes [1993] also

examined all plasmoids encountered by 1S1 Hi-3 in the distant tail. They found that over

84% of 366 plasmoid  events occurred bctwccn 5 and 60 minutes after a substorm  onset.

However, the plasmoid occurrence maximizes at moderate Kl, levels (- 3), instead of larger

K], values. We have taken a statistical approach and have found a different results in

agreement with those of much more previous studies. q’surutani et al. [ 1987] show that the

large scale field variations with North-then-South signatures across the plasmasheet

boundaries occur during all geomagnetic activity levels in the distant tail. In addition,

during magnetic quiet times, plasmoid  propagatirlg  tailward from 100 Re [Scholcr  et al.,

1986], and occasional earthward propagating p]asmoids in the mid-tail region (-90 Re)

[Siscoc et al., 1984] have been reported. ]n a recent study, Saito  et al. [1 995] have

examined the geomagnetic activity dependmlcc  of GI~O’1’A1l. observations. They find that

all boundary crossings increase with increasing Kp index Up to KP=S. But the occurrence

rate of slow-mode shocks does not show a clear depcnder]ce  on KP index. All of these

features show that the distant tail phenomena arc not simply related to near-earth magnetic

activity. Some steady distant reconnection proccsscs which are independent of near-earth

magnetic activity may play certain roles in generating these plasrnoids  and slow shocks. We

have proposed a model to explain the slow shc)cks and p]asrnoids  detected in the deep tail

during northward IMP periods [110 and Tsurutani, 1995].

5. Search for slow shock wavetrains

Previous studies of the structure of s]ow-mode  shocks in t}le distant geomagnetic tail have

not found trailing cyclotron wavetrains as predicted by Coroniti  [1971]. This result has

stimulated further work in computer shock simulations. We in turn have searched our

expanded data base for evidence of large wavetrains associated with 86 slow-mode shock

events identified during both ISEE-3 tail passes.



According to theory, large amplitude cyclotron wavetrains  should appear within the trailing

edge, downstream of slow-mode shocks. Because they have a left-handed circular

polarization, when z is along the shock normal direction, the wavetrains should mainly

appear as correlated variations in BX and BY, having a 90° phase difference. l’hey should

also have amplitudes similar in magnitude to the upstream magnetic field intensity. The

numerical simulations predict the largest amplitudes for the strongest slow-mode shocks,

i.e., switch-off shocks. They should also have a wavelength of about several ion inertial

lengths, which should be comparable to the t]]icknesscs  of the shocks. Although significant

fluctuations in B and multiple crossings of the lobe-plasmashcet  boundary arc often

encountered in the deep geomagnetic tail, a close evaluation of all 86 definite shocks

cataloged in the present study has failed to reveal the rotational wavetmins  as predicted.

C)ne possibility is that downstreatn  wavctrains  arc damped. A recent simulation [Iiujimoto

and Nakamura, 1994] shows that the presence of heavier O+ ions may strongly damp these

downstream wavetrains. In a more recent kinetic simulation, Omidi and Winskc [1992]

also show that damping is not the only way in which the wavetrains  can bc eliminated.

Other effects, such as a nonsteady shock behavior, can also have a similar effect. They

found that there arc four general types of shock structures in which lithe or no wave activity

may be present both upstream and downstream of the shock. Our present observations

cannot distinguish among these possibilities.

Ilven though we did not find large amplitude wavctrains  downstream of slow-mode

shocks, medium amplitude waves sometimes are noted in the upstream ramp regions.

Figure 10 shows one exatnple on January 28, 1983. We see that around 23:55  UT the

magnetic field has a slow shock transition from the plasmasheet to the south lobe. In the

middle of the shock ramp, there is model  ate wave activity in the y and z components

associated with a significant dawnward plasma flow. The waves last about 50 see,

compared with a 90 sec duration of the slow shock gradient, The changes of the

background field mainly take place in the B, component, while average BY and BZ have

very small variations across the shock. However, in the BX component and total magnetic

field strength no obvious wave activity appears in the shock ramp. Thus these shock ramp

waves are primarily transverse waves. They have peak to peak amplitudes of 3 nT and a

AB/B ratio of 0.28. The waves in this case have periods between 10 and 20 sec or

frequencies from 0.05 to 0.1 Hz near the ion cyclotron frequency. Polarization analyses

shows that they are right-hand circularly polarized.
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Note the presence of large amplitude waves in the upstream region around 00:15 UT.

~’hese are well-defined, right-hand circularly polarized waves. They were first reported by

Tsurutani  and Smith [1984] and were idcritified  as the ion cyclotron waves in the

plasmasbeet boundary layer [lsurutani  et al., 1985], All features which wc found for the

shock ramp waves are the same as these waves appearing in the p]asmashcet  boundary

layer, Scarf et al. [1984] have found intense broadband electrostatic noise or lower hybrid

waves appearing in the shock layer. Coroniti  et al. [1994] have shown two examples of the

Alfven/ion cyclotron waves in the slow shock ramp regions. lIowever,  these medium

amplitude magnetic waves peaking in the gradients of the shocks are reported for the first

time in detail.

Six cases with obvious shock ramp waves are found in the 86 slow shock events. Almost
all of these shocks have large upstream Ol;,, (> 800), very small 0,,, (< 150), large shock

thickness (> 4000 km) and high Ml (> 0.90). The waves generally peak in the middle of

the shock gradients. It seems that there is no direct connection between these waves and the

boundary layer waves far upstream of the shocks. But we can always sec some small

amplitude waves appearing between thcn(. ‘1’hcsc  shock ramp waves may provide

rcsistivity  for energy dissipation.

6. l)iscussion

From slow-mode shock parameter analyses, slow-mode shock parameters cover a

relatively small range, compared with the earth’s bow shock. I/or a slow shock in the

distant tail, because the upstream field mainly is in the x direction, wc see a larger tl~,, angle

distribution for the upstream field. They are nlain] y quasi -pcrpendicu]ar  shocks, because all

upstream OR,, angles are >45°.

Compared with the previous studies, our database includes 23 of the 26 slow shocks

identified by Feldman et al. [1 985] and Schwartz et al. [1 987] during the first ISI%-3

distant tail pass. The remaining three plasmashcet boundary crossings are so transient and

the upstream magnetic field is fluctuating so rapidly that it is difficult to apply coplanarity

theory to them. They therefore failed to pass our first criterion. Feldman et al. [1985] found

that the slow shocks identified in their study were relatively strong. The Alfven  Mach

numbers were an average of 0.94 in the range from 0,9 to 0.98. This range lies close to the

switch-off limit. In addition, the average density compression ratio (n~nu) in their shock set

was 2.5. Our data bmc shows that slow shocks have a large range of Mach numbers, from
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0.56 to 0.99, and average densities junlp by a factor of 1.7, in the range from 1.1 to 7.5.

The thickness of slow shocks is much larger than that of the earth’s bow shock which

usually has short ion initial length, Theoretical study predicted that a slow shock would

have large thicknesses [Coroniti,  1971]. Our observation results are consistent with this

prediction.

Our results further confirm the existence of the distant reconnection. However, there are

some differences between our observations and previous models [Richardson et al., 1989].

Iiirst, previous observations indicate that the distant tail neutral line is located at about -120

R., because beyond this distance the plasma flows in the plasmasheet  are dominantly in

tailward [Zwickl et al., 1984], Our statistical study based on slow-mode shocks shows that

t}lc distant neutral lines may be extended at least to 200 I&. This is generally consistent in

the deep tail reconnection, rather than the near-earth reconnection. We think that

experimental errors and variations in reconnection location can cause these discrepancies.

Second, we find a weak substorm dependence for the distant tail slow-mode shock

occurrence. l’his is an average results fm both magnetic clisturbed (southward IMlrs) and

quiet times (nollhward IMFs). We indeeci note that many slow-mode shock events in the

distant tail have very good correlation wit]) near-earth substorrns  and large AE indices,

These events often correspond to large tail ward plasma flows (- 1000 km!s) and negative

H ~ in the downstream plasmasheet.  They may be related to downtail plasma flows

accelerated by the near-earth reconnection during substorms. IIowever, for near half of

distant tail slow-mode shock cases, they occur during northward IMF or low AE periods.

We have proposed a northward IMF distant neutral line model to explain these observed.
slow shocks [Ho and Tsurutani, 1995]. IIuring  northward lMF intervals, the IMF lines

may penetrate the tail through a reconnection in the cusp region. Then these field lines are

bent and kinked inside the plasmasheet  to form the distant neutral line. Using this model

and the standard substorm reconnection model during southward IMFs [Richardson et al.,

1989], we may explain almost all distant tail observations .

Initial theoretical studies predicted that lar~e amplitude Alfven  rotations of the magnetic

field should provide the required resistance for shock dissipation. However, recent kinetic

simulation studies show that under certain conditions the shocks may exhibit no waves. We

have examined some cases of the existence of upstream ion cyclotron waves and shock

ramp waves. Due to the absence of ion data, wc cannot exactly compare these observations
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with the simulations. A further analysis of wave properties to classify all the shocks into

different categories of 011,1 angles and Mac}i  numbers is still ncccled.

7. Summary

We have performed the first detailed study examining all of the ISEE-3 distant tail (> 200

IL) data to examine every plasrnashect/lobe crossings and to identify slow-mode shocks.

We also have searched for large amplitude circularly polarized waves predicted by

simulation/theory. Substorm dependence on the existence of shocks/nonshocks  are

examined statistically. From 60 days of data spanning two distant tail passes, we find 439

plasmashect/lobe crossings. Among these crossings, 77 events are associated with

plasmoids and 86 events are identified as clear slow shocks. Therefore, 377 plasmasheet

crossings can not be defined as slow-mode shocks, because they do not satisfy our

criterion. While 33 p]asmoids  are accompanied by slow shocks, the other 51 plasmoids

simply occur with plasmashcct  crossings. ‘1’lmough a statistical study based on GI!OTAIL

observations, Saito et al, [1995] also find 32 confirmed slow-mode shocks from 303

plasmashcet crossings. Their ratio (1 1%) is lower than that (19940) wc found based on

ISRE-3  observations.

in our study, we find no pure switch-off shocks with downstream t?~,,= O. Ilowever,

many cases show large Mach numbers nearly at the switch-off limit. The slow shocks have

relatively large thicknesses which may reflect large cyclotron radius downstream of the

shocks. We see a dominantly tailward plasma flow in the plasmashcet of the distant tail.

Only two of the 62 shocks had a downstrcaln eart}lward  flow. We find essentially a weak

correlation between the near earth AH index and the occurrence of distant tail slow-mode

shocks, in agreement with previous findings. Although the slow-mode shock is not a

permanent feature as a boundary surface separating the plasmashect  from the tail lobes, it is

a significant feature of the structure of the distant geomagnetic tail. A statistical summary of

many plasma parameters delineating the structure of these shocks has yielded many

significant results as following.

1. Using five criteria based on magnetic field geometry and plasma conditions, from 439

plasmashcct/lobe crossing in the distant tail, we have found definite 86 slow-mode shocks

which all satisfy the Rankine-Hugoniot  relation and the slow-mode shock condition (VS1, <

V. S VA,,). We also detect 77 plasrnoid  events associated with the plasmasheet crossings.

Among these events, 33 plasrnoids  are found to be associated with slow shocks.
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2. Across the slow shocks from the upstream to downstream regions, the magnetic field,

on average, decreases by a factor -2.7 in the rangy from 1.4 to 9,0; electron density

increases by-1.7 with a range from 1.1 to7.5and  temperaturei  ncreasesb y-l.8w itha

range from 1.1 to 3.5, while plasma flow velocity increases on average by a factor of -3.8

and ranges between 2 and 14. Based on the coplanarity theorem, we have found that there

is a large average upstream 011,1 angle of 70c’ and a small downstream & angle of 50°. The

shocks have an average intermediate Mach number of 0.87 and an upstream & of 0.04.

3. In the downstream, the plasma flow associated with the shocks is dominantly in the

tailward  direction with an average of 585 km/s. l’he shock thickness is estimated roughly

around 5000 km on average (about 7 ion inertia lengths). The shocks have an average Oz~l

of 22.4° between the shock normal and z axis. In t}le  x-z plane, this tilt angle relative to the

z, axis is 13.8°. Using Petschck’s  simple slow shock model and the orientation of these

slow shocks, we deduce that the neutral lines are in the range from -160 to -240 RC, in the

distant tail.

4. During the southward IMP intervals with B,, <-2 nT, t}le occurrence rates of slow

shocks and p]asmoids in the distant tail have a dependence on near-earth substorm activity.

This suggests that tailward traveling plasmoids  from the near-earth are responsible to these

distant tail events. However, no such dependence is found during northward IMl~ periods.

Nearly half of slow-mode shock events occur during the northward IMF intervals. The

plasmasheetflobe  crossings are more frequerlt  during substorm times, indicating that the

distant tail becomes more dynamic.

5. We do not find any large rotational wavctrains  in the downstream slow shocks as

expected by MHI) theoryhlumerical  simulations. This result does not seem to depend on

Mach number and OI;,, angles. Instead, we do see some (6 cases) medium amplitude waves

appearing in the ramp regions of slow shocks which usually have large MI and upstream

. 19~,,. These waves are similar to the right-hand ion cyclotron waves appearing in the

plastnasheet  boundary layer.
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Iiigure Captions

Figure 1. The two distant tail passes of 1S1;11-3.  IS} W-3 had the aid of the moon’s gravity

to complete two distant tail passes at -210 RC and -230 Re respective] y. Trajectories are

shown in the equatorial plane in GSF. coordinates.

l~igure 2. Two slow shock examples in an eight hour time series observed by ISEIi-3

around x = -210RC during its first distant tail pass on Ikbruary  10, 1983,  From top to

bottom are electron density N,, electron te~mperature  7’,, electron plasma velocity (two

components and total V), magnetic field (three components and total strength) in (3SE

coordinates. Two p]asmashect  crossings arc accompanied by significant increases in N~, 7~

and V, as well as a decrease in the magnetic field B. We also see strong low frequency

wave activity associated with the slow shocks in the boundary layer, Top bar gives the

locations in the distant tail (shaded, plasmashcct).

I;igure 3. Distributions of the ang]cs between the shock norm[i]  and the magnetic fields for

(a) upstream and (b) downstream, Upstream 0,],1 angles peak at around 80°, while

downstream On,, angles have a broader distribution.

}:igure 4. Distributions of (a) intermediate Mach number and (b) upstream electron ~. for

all slow shocks. The Mach numbers in the normal MI maximize around 0.9, while most
shocks have smaller upstream & below 0.04.

1 ~igure  5. The shock number dependence on (a) shock thickness and (b) on the downstream

plasma speeds. The thickness of the shocks has a broader distribution up to 14,000 km.
The donlinant  tailward plasma flows are greater than 400 km/s.

l~igure 6. An example of the earthward plasma flow associated with slow shocks on

January 29, 1983, From top to bottom in consequence are electron density, electron

. temperature, plasma bulk flow velocity (two components and total speed), and magnetic

field data. Around 09:20  UT, crossing a slow shock, the spacecraft enters the p]asmasheet

on the earthward side of the neutral line. Then the p]asmashcet goes up and down relative

to the spacecraft. At about 12:30 UT it returns to the lobe. Top bar shows the locations in

the distant tail (shaded, plasmasheet;  SL, south lobe; NJ,, north lobe).
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I;igure  7. l’he distributions of the shock normal n in (a) X-Z plane and (b) y-z plane. Note

that the shock normal may have an uncertainty of 180°, The shock normals have larger tilt

angles in the x-z plane than in the y-z plane relative to the z axis.

Figure 8, The relationship between upstream IMP 13,, and AE inclex  for the period of two

ISEE-3 distant tail passes. IMF data are from IMP-8’s observations inside solar wind.

Both data have 10 min. time resolution. A 10 min delay of IMFs relative to AE is used for

this plot. Near earth magnetic field becomes more active (large AE) with increasing

negative IMF BZ. The average variation is also shown in the plot.

}~igure 9. Occurrence rates of slow shocks, p]asmoids and plasmasheet crossings as

functions of the AE index (with each bin of 100), separately for southward IMFs a) and

northward IMP’s b) for IMl; IBz,I > 2 nT intervals. There is a 40 min lag of Al; values

relative to the tail observations. ‘l’he error bars arc also given for each line. While there are

some substorm  dependence for the occurrence. of slow-mode shocks and p]asmoids  during

southward IMIJs, there is no such dcpcndcnce during northward lMF periods. I’here are

pc.aks for p]asmasheet  crossings between 400 and 600 AE.

I~igure 10. A slow shock and shock ramp waves at around 23:55 UT, January 28, 1983.

Mid-amplitude waves appearing in the shock ~radient  regions are transverse waves. Plasma

data show a large dawnwarc]  (-Vy) plas]na. flow around the same time. The waves

appearing at around 00:15 U?’ with large amplitudes arc boundary layer waves which are

generated by the ion cyclotron resonant instabi  lit y.
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